Objective: To explore the effect of birth weight on urea kinetics in young healthy children. Design: Observational study. Setting: Tertiary center for treatment of malnutrition. Subjects: A total of 17 male children, 6-24 months old, who had recovered from malnutrition. Interventions: Urea kinetics were measured using stable isotope methodology with [ 15 N 15 N]-urea over 36 h. Results: Birth weight was negatively related to urea hydrolysis after controlling for the intake of protein (adjusted R 2 ¼ 0.91, P ¼ 0.001) and separately for energy intake (adjusted R 2 ¼ 0.95, P ¼ 0.001), age (adjusted R 2 ¼ 0.90, P ¼ 0.001) and rate of weight gain (adjusted R 2 ¼ 0.91, P ¼ 0.001). There was a tendency for higher urea production in the children with lower birth weight after controlling for nitrogen intake (adjusted R 2 ¼ 0.93, P ¼ 0.099), and separately for age (adjusted R 2 ¼ 0.94, P ¼ 0.06) and rate of weight gain (adjusted (R 2 ¼ 0.92, P ¼ 0.096). Urea excretion was not significantly related to birth weight. Conclusions: The salvaging of urea nitrogen following urea hydrolysis contributed significantly more to the nitrogen economy in children with lower birth weight compared to those with higher birth weight. This may be as a result of reductive adaptation in the children with lower birth weight as a consequence of inappropriate prenatal nutrition and growth.
Introduction
Lower birth weight seems to influence growth and body composition in postnatal life. For example, Ravelli et al. (1976 Ravelli et al. ( , 1999 found that lower birth weight resulting from maternal malnutrition is associated with development of obesity later in life. In addition, Strauss et al. (1998) found that the growth trajectory of low birth weight infants was significantly lower at age 7 years than those of infants with normal birth weight, and Gale et al. (2001) have shown that lower birth weight was associated with lower adult bone and muscle mass in adulthood. The mechanism that accounts for the effects of the intrauterine environment on growth and body composition remains unclear. It is of interest that Payne and Dugdale (1977) and Henry et al. (1997) have proposed that the fraction of total energy stored that is either deposited as protein or mobilized from protein, defined as the P-ratio, is programmed and is therefore characteristic of the individual. This infers that programming of the partitioning of amino acids between synthetic pathways and oxidative pathways in utero is part of the mechanisms that account for the effect of the intrauterine environment on growth in later life. As the oxidation of amino acids leads to urea production, one way of testing this proposal is to explore the relationship between urea production and birth weight as a proxy for the aggregate intrauterine experience. Partitioning of amino acids towards oxidation and high urea production and less to lean tissue synthesis could be associated with lower birth weight.
It is also possible that overall urea kinetics (production, hydrolysis and excretion) are influenced by birth weight because urea production is related to urea excretion and urea hydrolysis. A portion of urea production is not excreted, but is secreted into the colon, hydrolysed by the resident microflora and the resulting nitrogen containing compounds are salvaged and reutilized in the body (Walser and Bodenlos, 1959) . Data by Danielsen and Jackson (1992) have indicated that the ability to maintain urea production is the primary driver of the salvage mechanism. Therefore, we hypothesized that birth weight is related to urea production, salvage and excretion.
In a previous study, we explored the effect of feeding isocaloric diets with different amounts of protein on urea kinetics in severely malnourished children admitted to hospital and during recovery (Badaloo et al., 1999) . That study provided an opportunity to explore the effect of birth weight on urea kinetics in the present investigation, by using the urea kinetics data measured in the children when they had recovered from malnutrition and were healthy. We used urea kinetics data in the children when they had recovered from malnutrition as a proxy for healthy children who were never malnourished because it would be unethical to admit the latter to hospital for such a study.
Method

Subjects
In total, 17 male children, aged between 6 and 15 months, admitted to the metabolic ward of Tropical Metabolism Research Unit, University of the West Indies, Jamaica, for treatment of severe malnutrition were investigated when they had recovered from malnutrition and were free of infection. They had achieved at least 95% of the appropriate weight in relation to their height (Hamill et al., 1979) . The weight of each subject was measured daily at the same time of day on an electronic balance accurate to 1 g and length was measured weekly accurate to 0.1 cm with a horizontally mounted stadiometer (Holtain Ltd, Crymych, UK). The study had the approval of the Ethics Committee at the University Hospital of the West Indies and consent was given by the parent or guardian of each child. Birth weight and information about gestational age were obtained from the mothers' recall (Gaskin et al., 1997) .
Diet, weight gain and urea kinetics
The patients were fed two milk-based diets (a lower protein diet and a higher protein diet) prepared using an infant formula (Pelargon; Nestlé, Vevey, Switzerland) to facilitate different protein intake (Table 1 ). All the patients were offered the same amount of energy, 459 kJ/kg/day, but six children were offered 0.7 g protein/kg/day (lower protein group) and 11 children were given 3.4 g protein/kg/day (higher protein group). The diets were fed for 5 days, over which the rate of weight gain was calculated and the measurement of urea kinetics was carried out over the last 36 h. Patients were fed 4 hourly from cups and the amount consumed was determined by weighing the cups before and after feeding on an electronic balance.
Details of the methods for measuring urea kinetics are given by Badaloo et al. (1999) . Briefly, urea production was measured over 36 h using oral prime and intermittent doses of ( 15 N 15 N)-urea. At 0600 h, a priming dose of the isotopic urea (40 mg), equivalent to 12 h continuous infusion, was given to shorten the time taken to achieve a plateau in the isotopic enrichment of urinary urea. From 1200 h, 3 hourly doses of 10 mg isotope were given for 30 h. In all studies, a specimen of urine was collected before any isotope was given for the measurement of baseline enrichment. From 0600 h, urine was collected by continuous aspiration from a perineal urine bag into chilled containers for periods of approximately 6 h for 36 h. The weight of each urine collection was determined, and an aliquot was acidified to pH 2 with 6 mol/l HCl and stored at À201C for later measurements of urea-nitrogen concentration and urea-nitrogen isotopic enrichment as described by Badaloo et al. (1999) .
The kinetics of urea metabolism were derived using a stochastic model that assumes an isotopic and biological steady state in which the dilution of the ( The plateau ratio of tracer to tracee in urinary urea represents a steady state. The amount of urea hydrolysed and salvaged was calculated as the difference between urea production and urea excretion, assuming that a negligible amount is excreted in stool. In addition, the variability in stool 15 N is much less than the variability in salvaged 15 N, and therefore the rank and variability in salvaged 15 N are unlikely to be attributable to variations in stool 15 N (Jackson, 2000a) . The proportion of salvaged urea-N recycled into further urea synthesis was calculated from the plateau enrichment of ( 15 N 14 N)-urea. Only male children were recruited into the study because it is difficult to collect urine in female subjects in the age group studied.
Statistical analysis
Multiple regression analyses were used to determine the effects of birth weight on urea kinetics (production, excretion and salvage) as dependent variables controlling for other explanatory (independent) variables. The dependent variables were log transformed to account for the effects of the marked variation in protein intake. In an initial base Relationship between birth weight and urea kinetics in children AV Badaloo et al regression model, the effect of birth weight on each urea kinetic variable was determined, controlling for nitrogen intake, which is the major determinant of urea kinetics. The regressions were repeated adding energy intake or age or rate of weight gain to the initial model. These variables were chosen because it is known that they can have effects on urea kinetics. Prior to inclusion into the regression models, pairwise correlations of the explanatory variables were calculated. This was carried out to detect potential colinearity problems among the explanatory variables. The results were that these variables were not highly correlated, as the Pearson's correlation coefficients were less than 0.4. A partial regression plot was constructed to graphically demonstrate the relationship of urea hydrolysis to birth weight adjusted for protein and energy intake. This was carried out by plotting on the y-axis the residuals obtained from regressing logarithm of urea hydrolysis against energy and protein intake and plotting on the x-axis, the residuals obtained from regressing birth weight against energy and protein intake. Data analysis was performed with Stata Statistical Software Version 8 for Windows (Stata Corporation, College Station TX 77840, USA). A P-value o0.05 was considered statistically significant.
Results
Anthropometric characteristics, birth weight, dietary intake, rate of weight gain and urea kinetics of the subjects are given in Table 2 . The subjects had appropriate weight-for-height but their height-for-age ranged from 0.5 to À2.5 s.d. of the NCHS references (Hamill et al., 1979) , indicating some degree of stunting. Mothers reported that the children were born at term except one for which there was no record in the hospital docket.
There was some refusal of feeds leading to the intake of energy and protein being less than what was offered to the children. Multiple regression analyses of urea production, excretion and hydrolysis on birth weight adjusting for nitrogen intake, energy intake, age and rate of weight gain are given in Table  3 -5. There was always a significant positive relationship between nitrogen intake and the three urea kinetic variables (production, excretion and hydrolysis) in the base model and all the other models. When energy intake was added to the base model, there was a significant negative association Expressed as the median for a child of the same age or the same height (Hamill et al., 1979) . between energy intake and the urea kinetic variables and this model accounted for most of the variance of urea production (Table 3 ) and urea hydrolysis (Table 5) . Rate of weight gain did not show a significant relation with the urea kinetic variables and age was positively related with urea excretion (Table 4) . The model with birth weight, protein intake and age accounted for the highest proportion of the variance for urea excretion (Table 4) .
There was a consistent highly significant negative association between urea hydrolysis with birth weight in all the models (Table 5, Figure 1) . The relationship between urea hydrolysis and birth weight adjusting for both energy and protein intake is shown by the partial regression plot (Figure 1 ). The inverse relationship between urea hydrolysis and birth weight appears to be independent of the milkbased diet that the children received. There was no statistically significant effect of birth weight on either urea production or urea excretion. The direction of the relationship between birth weight and urea kinetics was negative in each model, except when energy was included in the model for urea excretion. In total, 12% of the nitrogen resulting from urea hydrolysis was utilized in the resynthesis of urea and the remainder was consumed in other synthetic pathways.
Discussion
In healthy children who had recovered from malnutrition, higher urea hydrolysis was associated with smaller size at birth after controlling separately for the intake of protein and energy, age and rate of weight gain. The findings suggest that adaptations in utero associated with conditions leading to lower birth weight can independently influence the salvaging of urea nitrogen postnatally. Additionally, the data show that most of the nitrogen resulting from urea hydrolysis was used in synthetic processes other than recycling to urea. Therefore, young children with lower birth weight seem to be more dependent on contributions from the salvaging of urea-nitrogen in maintaining the nitrogen economy of the body compared to those with higher birth weight.
Urea salvage is enhanced when protein or amino acids supply to the body is low relative to the demand or when there is a mismatch between the supply of amino acids and the pattern of amino acids required (Giordano et al., 1968; Jackson et al., 1990; Forrester et al., 1994; Steinbrecher et al., 1996) . Amino acids in the body are derived from the diet, protein breakdown de novo synthesis including contribution through urea salvage. Thus, after controlling for dietary protein, the higher rate of urea salvage in the children with lower birth weight might have been an attempt to meet a pattern and/or quantitative demand of amino acids that is different from the children with higher birth weight and that was not satisfied by the diet and protein breakdown. This demand could be associated with an impaired ability to make nonessential amino acids. The overall demand for nonessential amino acids is greater than dietary supply and it is necessary for the body to synthesize large amounts of these amino acids. Therefore, the capacity to make these amino acids might have been decreased in the children with lower birth weight as a result of reductive adaptation associated with inappropriate prenatal nutrition and growth (Jackson, 1999; Ozanne and Hales, 1999; Jackson, 2000b) . Indeed, we previously reported that, in the subjects who participated in the present study, there was a higher degree of transfer of urea-nitrogen to alanine and glycine which are nonessential amino acids, compared to lysine and histidine, which are essential amino acids (Millward et al., 2000) . It is not possible to exclude other antenatal conditions such as pre-eclampsia and infections that may have had effects on foetal growth because reliable antenatal history was not available.
The colonic microflora can make their own amino acids by using the nitrogen resulting from urea hydrolysis and these amino acids are available to the host. For example, we (Millward et al., 2000) and others (Giordano et al., 1968; Tanaka et al., 1980) have traced the incorporation of ureanitrogen into plasma and urinary lysine that is indicative of bacterial origin because lysine is not known to exchange nitrogen in vivo. The relation between urea salvage and birth weight is most likely influenced by urea production, supported by data from Danielsen and Jackson (1992) , indicating that the ability to maintain urea production is the primary driver of the salvage mechanism. Although birth weight was not statistically significantly related to urea production, there was a trend for an inverse relationship between urea production and birth weight (Table 3 ). The lack of a significant relation could be due to the fairly small sample size. It is possible that urea production resulting from amino acids oxidation is related to birth weight and drives urea salvage in later life. This is in keeping with the suggestion that the P-ratio is programmed in utero and is related to body composition (Payne and Dugdale, 1977; Henry et al., 1997) .
One factor that might have influenced urea production in the children with lower birth weight is enhanced gluconeogenesis, and, consequently, higher urea production. The evidence supporting this suggestion is that hepatic glucokinase and phosphoenolpyruvate carboxykinase in the offspring of protein-restricted rat dams are altered in a gluconeogenic direction in both the fasted (Desai et al., 1995 (Desai et al., , 1997b and nonfasted states (Desai et al., 1997a) . Another factor is that the foetus has a high demand for amino acids as a source of energy with about 40% of oxygen consumption being accounted for by amino acids oxidation.
There could have been some degree of inaccuracy in the recalled birth weight from mothers. However, Gaskin et al. (1997) records and Jamaican mothers' recalled birth weight at 3-4 years and 7-8 years to be 0.85 and 0.77, respectively. The children in the present study were less than 3 years and, therefore, the accuracy of the recalled birth weight might even be better than that reported by Gaskin.
In conclusion, this investigation provides preliminary data that increased salvaging of urea nitrogen and its reutilization contributed more to the nitrogen economy in children with lower birth weight than those with higher birth weight. This enhanced salvaging of urea nitrogen seems to be related to the partitioning of amino acids towards oxidative pathways and eventually leading to increased urea production.
